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ABSTRACT
The spectacular detection of gravitational waves (GWs) from GW 150914 and its reported association
with a gamma-ray burst (GRB) offer new insights into the evolution of massive stars. Here it is shown
that no single star of any mass and credible metallicity is likely to produce the observed GW signal.
Stars with helium cores in the mass range 35 to 133 M encounter the pair instability and either
explode or pulse until the core mass is less than 40 M, smaller than the combined mass of the
observed black holes. The rotation of more massive helium cores is either braked by interaction with
a slowly rotating hydrogen envelope, if one is present, or by mass loss, if one is not. The very short
interval between the GW signal and the observed onset of the putative GRB in GW 150914 is also too
short to have come from a single star. A more probable model for making the gravitational radiation
is the delayed merger of two black holes made by 70 and 90 M stars in a binary system. The more
massive component was a pulsational-pair instability supernova before making the first black hole.
Subject headings: supernovae: general; black holes; gravitational radiation
1. INTRODUCTION
The detection by Abbott et al. (2016) of gravitational
radiation from a pair of merging massive black holes,
36+5−4 and 29
+4
−4 M, has ushered in a new era of multi-
messenger astronomy. Motivated largely by the reported
coincident gamma-ray burst (Connaughton et al. 2016),
Loeb (2016) suggested that a single star model might
have produced GW 150914. He assumes the precursor
to the collapse contains a rapidly rotating helium core of
at least 65 M (the sum of the masses of the observed
black hole pair) that has formed as the result of a prior
merger of stars in a binary system. The core rotates
so rapidly that it fissions into two black holes during
its collapse. The two back holes recombine emitting the
observed GW.
Well before the GW detection, Fryer et al. (2001) cal-
culated an alternative, single star model for a burst of
gravitational radiation accompanied by a GRB, but in-
voked a much more massive star, 300 M, with a 180
M helium core. Their 2D calculation was unable to di-
rectly demonstrate the fission of the collapsing core, but
rotational energy and angular momentum considerations
suggested that as a possible outcome.
Here it is shown that both of these scenarios are un-
likely to produce the observed GW event. Helium cores
anywhere near 65 M, and up to 133 M, encounter
the pair instability, and either pulse violently and lose
mass (Woosley et al. 2007; Woosley & Heger 2015), or
explode (Heger & Woosley 2002). They do not make
black holes having a total mass greater than about 40
M. For helium cores above 133 M black hole produc-
tion is indeed likely, but when reasonable estimates of
magnetic torques and mass loss are included (Heger et
al. 2005), the collapsing core contains too little angular
momentum to bifurcate.
Any stellar channel for producing GW 150914 must
therefore involve binary evolution. Here it is shown that
the observationally inferred masses for the merging black
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holes, 36+5−4 and 29
+4
−4 M, could result from the evolution
of stars of non-rotating stars of 70 and 90 M with metal-
licity less than about 10% solar. If rotation is included,
the inferred masses are closer to 60 and 70 M. Interest-
ingly, the heavier star of each pair not only produces a
black hole near 36 M, but also makes a pulsational-pair
instability supernova (PPISN) that ejects any low den-
sity envelope shortly before collapse, but does not unbind
the system.
2. THE FAILURE OF SINGLE STAR MODELS FOR GW
150914
Since the hydrogen envelope will not participate in any
prompt collapse, a minimum helium core mass equal to
the sum of the observed black hole masses is required
in any single star model, i.e., Mα > 65). Since it is
unlikely that the entire helium core collapsed during the
less than 1 second duration of the GW signal, this is
a lower bound, possibly an extreme one (Woosley et al.
1986). Such a large helium core could be the consequence
of a single star of mass over 150 M, the merger of two
lighter stars, or the chemically homogeneous evolution
evolution of a star as small as 65 M.
To guide the discussion, a set of models (Table 1) was
calculated using the KEPLER code (Weaver, Zimmerman,
& Woosley 1978; Woosley et al. 2002, e.g.). The models
had in common a low metallicity, 10% that of the sun,
chiefly employed to keep the mass loss rate low. Most of
the models that included rotation also included magnetic
torques (Heger et al. 2005) that acted to brake the ro-
tation of the helium core at late times and enforce rigid
rotation. Modern, but uncertain mass loss rates were
included (Nieuwenhuijzen & de Jager 1990). For hydro-
gen burning stars with surface hydrogen mass fractions
more than 0.4, a metallicity scaling of Z0.5 was employed.
For chemically homogeneous models with lower surface
hydrogen mass fractions, the Wolf-Rayet mass loss rate
of Braun (1997) was employed as modified for clumping
by Woosley & Heger (2006) with a metallicity scaling
of Z0.86 (Vink & de Koter 2005). All stars considered
would have lost their hydrogen envelopes and most of
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2Table 1. LOW METALLICITY MODELS
MZAMS MpreSN Mremnant Mα MCO MSi MFe Pulse Activity
Models Mass Loss
[M] [M] tp [106 s] Ep [1050 ergs]
n
o
ro
ta
ti
o
n T70A 1 70 55.5 55.5 30.1 26.4 7.87 2.58 0.059 -
T70B 0 70 70.0 70 31.6 28.0 8.41 2.57 0.055 -
T90A 1 90 66.5 35.9 39.7 35.4 9.54 2.57 1.1 5.6
T90B 0 90 90.0 37.1 40.9 36.8 8.35 2.86 1.9 4.9
T150 1 150 96.0 0 65.1 55.2 - PSN - - 77
ro
ta
ti
n
g
R60 1/2 60 52.4 52.3 30.9 26.6 8.18 2.64 0.047 -
R70 1 70 56.9 34.5 37.4 32.9 10.3 2.72 0.32 4.5
R110 1/2 110 102 0 66.7 60.3 - PSN - - 62
R150A 0 150 150 150 150 - BH - - -
R150B 1 150 28.4 28.4 28.4 24.3 6.55 2.58 - -
R150C 1 150 122 0 122 118 - PSN - - 768
R300A 0 300 300 300 161 - BH - - -
R300B 0 300 300 300 180 - BH - - -
R300C 1 300 143 143 143 - BH - - -
their helium cores had they been of solar metallicity.
Models starting with “T” in Table 1 were not rotat-
ing; those starting with “R” included rotation. One non-
rotating model, T150, had a final helium core mass of 65
M and illustrates that helium cores of this mass explode
as ordinary PISN. They do not make black holes. Includ-
ing rotation is not likely to alter this outcome Chatzopou-
los et al. (2013); Chen (2015), though it does reduce the
main sequence mass required to produce the helium core
(Model R110).
Two other sets of models were calculated that included
rotation. Models R300 were based on the evolution of
single stars of 10% solar metallicity with initial masses
of 300 M. Each had a total initial angular momentum of
1.5×1054 erg s and an equatorial rotational speed of 180
km s−1. Model R300A did not include mass loss or mag-
netic torques, and is thus very similar to the case studied
by Fryer et al. (2001). Model R300B included magnetic
torques but not mass loss; R300C included both mass
loss and magnetic torques. Models R150 are discussed
later.
Fig. 1 shows the distribution of specific angular mo-
mentum, j, in the three 300 M models at the point
of pair instability. The central temperature in each ex-
ceeded 3 × 109 K and no further redistribution of j will
occur. The helium core here is about 10% less than that
of Fryer et al. (2001) because convective dredge up was
less efficient in the new calculation, but the angular mo-
mentum distribution is quite similar (compare the black
line in Fig. 1 with their Fig. 2). The total angular mo-
mentum of the helium core is 2.36× 1053 erg s. As Fryer
et al. (2001) noted, this is sufficient angular momentum
to form a disk, and perhaps even to bifurcate and emit
copious gravitational radiation in its final stage of col-
lapse.
Unfortunately, as Fig. 1 also shows, the inclusion of
magnetic torques and mass loss greatly alters the out-
come. The helium core still exceeds the critical mass,
133 M, for producing a black hole, but its angular mo-
mentum is greatly reduced by interacting with the slowly
rotating hydrogen envelope. The angular momentum in
the helium core of R300B at collapse is reduced by a
factor of 10 to 2.48 × 1052 erg s, and inadequate even
to make a disk anywhere except perhaps in the outer-
Fig. 1.— Final angular momentum distribution at collapse of a
300 M model evolved with no mass loss or magnetic torques (black
line); magnetic torques, but no mass loss (red line); and mass loss
plus magnetic torques (green line). The edge of the helium core
is apparent where the angular momentum sharply drops and then
rises again. Both models that include magnetic torques have too
little angular momentum for the core to bifurcate or form a disk
during its collapse to a black hole. The Kerr parameter is of order
unity for the black curve, but everywhere less than 0.1 for the green
and red curves. The helium cores of all three models are sufficiently
massive to collapse directly to black holes.
most core. Model R300C, with torques and mass loss,
is worse, with a total angular momentum in the helium
core of only 8.74×1051 erg s and insufficient angular mo-
mentum to make a disk anywhere in the core. Models
R300B and 300C, which are more realistic than R300A,
will not make the observed GW signal.
One might object that the mass loss rates and espe-
cially the prescription for magnetic torques are uncertain.
This is true, but the magnetic torques used here give ap-
proximately the right rotation rates for newly born pul-
sars (Heger et al. 2005) and, if anything, might need to
be larger. Neglecting them leads to most massive stars
dying with sufficient angular momentum to make a mil-
lisecond magnetar. The fact that gamma-ray bursts are
so rare, is thus an argument that magnetic torques of
3a magnitude not too different from that assumed here
must play a role in the evolution of massive stars.
One way to give the core additional angular momen-
tum might be to avoid the production of any red su-
pergiant phase and invoke chemically homogeneous evo-
lution (CHE) on the main sequence (Woosley & Heger
2006; Yoon et al. 2012; Chatzopoulos & Wheeler 2012;
Ko¨hler et al. 2015). This is the tack taken by those
attempting to explain the rapid rotation of gamma-ray
burst progenitors, and would presumably correspond to
a rare event limited to stare of unusually rapid rotation.
To test this possibility, three more models were calcu-
lated with a lower mass, but greater specific angular mo-
mentum to insure CHE. Models R150, with mass 150
M, had an initial total angular momentum of 1× 1054
erg s and rotated at 325 km s−1 on the main sequence.
Each experienced CHE and included magnetic torques.
Model R150A had no mass loss though, while Models
R150B and R150C had a mass loss rate equal to the full
value or 10% of the full value expected for a star with
metallicity 10% that of the sun.
Fig. 2.— Final angular momentum distribution in a 150 M
model evolved including sufficient angular momentum that it ex-
periences complete mixing on the main sequence. Model R150A
(top red line) had no mass loss. Models R150B (bottom blue line)
and R150C (middle green line) included 100% and 10% respectively
of the mass loss expected for a star with 10% solar metallicity.
The results for Model R150A are encouraging. By the
time the central density reached 1011 g cm−3 when neu-
trino trapping might occur, the ratio of rotational energy
to gravitational potential energy, T/W, exceeded 20%
in the inner 10 M, and was greater than 12% every-
where in the star. The Kerr parameter was substantially
greater than unity throughout the entire core, guarantee-
ing that angular momentum will be lost, either through
a disk or fission and gravitational radiation, before even
a maximally rotating black hole forms. The subsequent
evolution would probably be similar to that of the 180
M core of Fryer et al. (2001, Compare with their Fig.
3) in 2D and, possibly, to the calculations of Reisswig et
al. (2013) in 3D.
Unfortunately, this is not a credible model since mass
loss must be included. If the mass loss appropriate to a
10% solar metallicity star is used, the star nearly evap-
orates (Fig. 2). Not only is the final mass too small to
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Fig. 3.— Pulse history and collapse velocity for Model T90A.
make the pair of black holes, the amount of residual an-
gular momentum is trivial.
Mass loss rates are uncertain and perhaps the metal-
licity was even lower than 0.1 Z, so model R130C used
ten times less mass loss. This would make the model
comparable to those studied by Ko¨hler et al. (2015) for
massive stars in the galaxy I Zwicky 18 with metallicity
10−1.7 that of the sun. Indeed, at hydrogen depletion,
the remaining mass for Model R150C here, 139 M, is
close to what they calculated for a star of similar rotation
rate, 136 M. Much more mass loss occurs during helium
burning though, and the star ends up with a final mass
of 122 M. This is too small to produce a black hole,
but that deficiency might be alleviated by taking a more
massive main sequence star. More problematic is the low
angular momentum in the star at death, 5.0 × 1052 erg
s. While adequate to produce a disk in the outer core if
a black hole formed, the angular momentum in the inner
core is too little to cause fission.
Thus single star models that include magnetic torques
and mass loss fail to produce a system that could explain
GW 150914. If an envelope is present the core is braked
too much by the interaction. If the envelope is absent,
mass loss from the core has the same consequence.
3. A BINARY MODEL FOR GW 150914
Alternatively, as suggested many times before the
event was observed, (Belczynski et al. 2010, 2016a;
Marchant et al. 2016; Mandel & de Mink 2016, e.g.),
the two black holes could be made separately in a bi-
nary system and brought together by a combination of
common envelope evolution and gravitational radiation.
To provide some detail to these suggestions, which did
4not include the evolution of the stars to their collapse,
several other models were calculated (Table 1). The main
sequence masses here were chosen to produce helium
cores in the resulting presupernova star near 29 (Mod-
els T70 and R60) and 36 M (Models T90 and R70).
Models T70 and T90 did not include rotation. Models
R60, R70, and R110 had an equatorial rotation speed on
the main sequence of 160 - 180 km s−1 corresponding to
a ratio of centrifugal force to gravity of approximately
15%. These models did not experience chemically ho-
mogeneous evolution, and their helium core masses were
substantially less than their final masses. All models
ended their (single star) lives as red supergiants. Since
mass loss is uncertain, some models were run both with
and without mass loss (A and B). The results show that
the dependency of final helium core mass on the mass
loss rate is weak, so long as the entire envelope is not
lost. For those models that experienced the pulsational
pair instability, the number of pulses and total energy in
pulses are given. No pulse energies are given for Models
T70 and R60 because the they were very weak and the
envelope was not ejected.
3.1. The Components
Model T90A, which is exemplary of stars that make a
36 M black hole, encountered the pulsational-pair insta-
bility at carbon depletion. This resulted in nine strong
thermonuclear pulses occurring during the last 106 s of
the star’s life (Fig. 3). Following each flash, the core
expanded, emitted a shock wave into the hydrogen enve-
lope, then relaxed, and encountered the pair instability
again. These flashes derived their energy from explo-
sive oxygen and silicon burning in the inner 5 M of the
core. Eventually the pulses ejected the envelope leaving
most of the helium core intact and stable against fur-
ther pulsation. The residual core evolved to produce an
iron core of 2.57 M (Model T90A) or 2.86 M (Model
T90B). While the subsequent evolution of the iron core
was not followed here, given its large size and the shal-
low density gradient outside, it is unlikely to explode by
neutrino transport (Ertl et al. 2016, e.g.). Lacking rota-
tion, the protoneutron star accretes for perhaps a second
and becomes a black hole. The remaining core of helium
and heavy elements quickly accretes into the hole. The
baryonic mass of the collapsed remnant is 35.9 M for
Model T90A and 37.1 M for Model T90B, though a few
tenths of a solar mass should be subtracted because of
the neutrino losses during the protoneutron star phase
(O’Connor & Ott 2011).
The velocity structure at the time when the iron core of
T90A collapses is shown in Fig. 3. Despite the collapse
of the core to a black hole, the shock waves from the
pulses propagate into the hydrogen envelope long after
the core has collapsed, and ultimately eject it with a
kinetic energy ∼ 5 × 1050 erg (Table 1). This leads to
a rather ordinary Type IIp supernova lasting about 200
days with a luminosity on the plateau of about 2× 1042
erg s−1.
Adding rotation to the model does not change the qual-
itative result, though it does alter the main sequence
mass required to produce the given black hole mass.
Model R70 produces a helium core of 37.4 M that also
encounters the pulsational-pair instability and ejects its
hydrogen envelope and a portion of the core. In the end,
a remnant with baryonic mass 34.5 M is left and the
hydrogen envelope is ejected producing a Type IIp su-
pernova. Following the transport of angular momentum
that happens during carbon, neon, and oxygen burning
and in the pulses, including magnetic torques, gives an
angular momentum in the collapsing core of less than
1016 cm2 s−1 in the inner 20 M. Even at the edge of
the helium core, j is only 4 × 1016 cm2 s−1. The core
collapses to a black hole and does not form a disk.
The evolution of the lighter component, as exemplified
by Model T70A, is similar, but less explosive. This star
too encounters a weak pulsational-pair instability in its
oxygen shell during the waning hour of its life, but the
pulses are too weak to eject even the loosely bound en-
velope. The 30.1 M helium core collapses directly to
a black hole leaving most of its envelope still bound. In
a single star system without rotation, the envelope too
would accrete over a period of days, finally producing a
black hole of 55.5 M (Table 1).
3.2. Binary Evolution
Now consider these two stars interacting in a binary
system with initial separation of order several AU. On
the main sequence, the stellar radii are sufficiently small,
8.4 × 1011 cm and 9.8 × 1011 cm for Models T70A and
T90A, that the stars evolve individually. When T90A
burns helium however, it fills its Roche lobe and starts to
spill over onto Model T70A. In solitude, T90A develops a
radius of 0.5, 1.0, 3.0, and 6.0 AU when its central helium
mass fraction is 0.978, 0.923, 0.5, and 0.01 respectively.
It finally reaches a radius of 11 AU after helium depletion
when the star has only a few thousand years to live.
The subsequent evolution, especially through one or
more stages of common envelope, is very uncertain
(Ivanova et al. 2013), but might resemble the system de-
scribed by Belczynski et al. (2016b). Their initial binary
contains two stars of 96.2 and 60.2 M with metallicity
3% Z (their progenitors were born in the early universe)
separated by 11.4 AU. A stage of Roche lobe overflow
strips the primary of its envelope leaving a helium core
of 39 M, similar to models T90AB and R70 here. Half
of the envelope is lost from the system. That helium
core collapses to a 35.1 M black hole following a loss of
10% of the mass to neutrino emission. Later evolution
of the secondary leads to a common envelope that brings
the black hole and the helium core of the secondary into
close proximity after the envelope is ejected. The core
of the secondary collapses to a second black hole of 30.8
M in a nearly circular orbit with separation 0.22 AU.
The black holes merge 10.3 Gy later.
Several differences exist with the models in this paper.
First, the models here have higher metallicity and may
lose appreciable mass loss besides mass exchange. Given
the key role of the helium cores, the envelope masses
may not be so critical, but they do affect the parameters
of the later common envelope evolution. The slow ex-
pansion of Model T90 to supergiant proportions, likely a
consequence of the way semiconvection is treated in the
code, may require a closer initial orbital separation than
assumed by Belczynski et al. (2016b) to transfer its en-
tire envelope to the secondary. This too may not matter
much because Model T90A becomes a supernova before
making a black hole and ejects any remaining envelope.
The orbital separation when the first black hole forms
5would be affected though.
Both black holes are formed here by the collapse of
iron cores near 2.6 M. There will of necessity be a
brief phase of proto-neutron star formation and neutrino
emission before a black hole of about 3 M forms. The
neutrino losses from that stage are likely to be only a
few tenths of a solar mass (O’Connor & Ott 2011), and
the efficiency for neutrino emission declines greatly after
the event horizon forms (Woosley et al. 1986). The mass
decrement may thus not be as large as the 10% assumed
by Belczynski et al. (2016b). Black hole kicks may also
be smaller.
A common envelope phase is necessary to bring the
black hole and core of the secondary close enough to
merge in a reasonable time. The expansion history of
T70A is thus important. Assuming its core structure
is not greatly altered by the mass accreted during the
first Roche lobe overflow, T70A ignites helium burning
55,000 years after birth of the first black hole (death of
T90A) and expands to 1 AU 110,000 years later, when
the helium is half burned. At helium depletion, 210,000
years after that, the radius is 6.5 AU. Sometime in be-
tween, a common envelope presumably forms, but how
close will that envelope bring the black hole to the he-
lium core before it too collapses? Estimates typically
employ a comparison of envelope binding energies and
core separations plus some efficiency factor α (Ivanova
et al. 2013). A final separation of less than 0.2 AU, like
Belczynski et al. (2016b) require and obtain, implies a
gravitational potential for two ∼30 M masses of about
8 × 1049 erg. The net binding energy outside 0.2 AU in
the T70A pre-supernova star is only 3 × 1048 erg, but
additional energy is expended ejecting matter pushed up
from beneath during the common envelope phase and
providing it with ejection speed. The total net bind-
ing energy of the matter outside the hydrogen helium
discontinuity in Model T70A at 31.0 Mis indeed large,
2.3× 1050 erg.
4. CONCLUSIONS
The characteristics of GW 150914 are unlikely to be ex-
plained by any single star model. The model before the
event (Fryer et al. 2001) errs in neglecting the magnetic
coupling between the rapidly rotating helium core and
the nearly stationary hydrogen envelope and in neglect-
ing mass loss. The model after the event (Loeb 2016)
errs in invoking an extremely rapidly rotating helium
core for which there is no clear path in current stellar
evolution. An alternative model based on chemically ho-
mogeneous evolution shows promise until mass loss is
included. This model might work if there were no mass
loss and could potentially occur in extremely low metal-
licity stars - ∼10−3 Z, but not in stars expected in the
galaxy where the merger was detected.
Similar considerations apply to models based on
merger of massive stars prior the black hole formation.
Though, in principle, a rapidly rotating helium core
could be formed, so long as an envelope remained, mag-
netic torques would rapidly brake its rotation. If the
envelope were ejected, mass loss during helium burning
would brake the core.
In any case, one of the key motivations for single star
models, namely explaining the putative GRB tempo-
rally coincident with GW 150914, is not satisfied. The
Fermi/GBM team reported a possible transient about 0.4
s after the reported LIGO burst trigger time, and last-
ing for about one second (Blackburn et al. 2015; Con-
naughton et al. 2016), though that detection is head
of controversial. Studies by Zhang et al. (2004) have
shown that the the GRB producing jet travels signifi-
cantly slower than the speed of light while inside the
star that makes it. The jet has far less mass than the
star it working surface, where the jet pushes aside stellar
matter, moves at only about c/3 and thus takes about
10 s to exit a star with radius 8× 1010 cm in the Zhang
study. The most optimistic model here, R150A has a
radius of 6 × 1010 cm when it dies and a much greater
density than the model studied by Zhang et al. The ob-
served GRB here was a weak short one. Thus it is quite
unlikely that the jet would reach the surface in less than
10 s. The GW signal, on the other hand, reaches the
surface in 2 s and remains forever 8 s ahead of the GRB.
That this exceeds the observed delay by a factor of 10 is
a severe problem that should be kept in mind for future
studies of coincident GRBs and GW signals. A repeat
of Zhang’s calculation using, e.g., model R150A, would
be useful to clarify the expected delay. If the star still
had an envelope, there would have been no GRB. Alter-
natively, it might be possible to make a prompt GRB by
merging two black holes if one or both have a fossil disk
(Perna et al. 2016).
Indeed, the most likely model for GW 150914 is the one
suggested beforehand. Two massive stars make two black
holes that, under the influence of first, a common enve-
lope, and later, gravitational radiation, come together
long after their creation. The evolution of rotating and
non-rotating stars that might produce black holes with
the measured masses were considered here and found to
hover on the edge of the pair instability. The more mas-
sive primary especially is capable of ejecting its hydrogen
envelope owing to thermonuclear pulses without binary
mass transfer, though that does not preclude the transfer
happening. Both stars produce iron cores in hydrostatic
equilibrium with masses of about 2.6 M that collapse
first to proto-neutron stars, and emit a few tenths of a
solar mass in neutrinos before becoming black holes into
which the rest of the core accretes. Given the small mass
lost, large kicks seem unlikely.
In the future it is hoped that realistic simulations of
presupernova evolution in this mass range can be cou-
pled to models for common envelope evolution to better
describe the progenitor of this fascinating event.
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